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SUMHAHT 



An experimental euryey of the details of the flov of 
fluids across banks of streamline tuhes has heen conducted 
as a continuation of prevlouB work. Information that 
cl&rlfies the picture of the flow has been obtained by 
surveys of total, dynamic, and static pressure, and by hot- 
wire cooling surveys of the unheated tubes. 

Whe'n the tubes were of such shape and were arranged in 
such manner as to allow the fluid to flow across the bank 
in well— defined streams, there was little pressure drop due 
to breakaway from the tube surface and the formation of 
▼ ortlces. The concept of air flowing through a uniform pa»- 
sage between the tube wall and a sheet of low— Telocity air 
has been further Justified for tubes with high form drag. 



INTHO^UCTION 



The work herein reported is a continuation of the work 
reported in reference 1 in which the subject of air flow 
across banks of circular tubes was investigated with regard 
to friction losses and heat transfer. The present study is 
a preliminary investigation to determine a tube shape suit- 
able for use in a bank of tubes with the object of reducing 
the pressure losses due to separation of the flow from th^ 
rear part of the tube. The value of a detailed investiga- 
tion of fluid flow through tube banks lies in its applica- 
tion to the. design of heat exchangers, where the major prob- 
lem is to obtain adequate heat transfer with minimum power 
loss. It Is hoped that the detailed information presented 
on flow through tube banks will be useful in the design of 
more efficient tubular Int'ercoolers . 

In extending the wrrk. that has been reported in refer- 
ence 1. the same general test methods have been used.. Tubes 
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of varlouB cr oee— Beot lonal shapea have 1)0011 used In an 
effort to reduce the high form drag and the stagnation 
areas and to eliminate the reduced cooling areas that were 
encountered on the downstream side of the round tu'be. The 
pressure— drop fLnd. fr lotion— fact or data given are quantita- 
tive, but the cooling results are qualitative only, helng 
"based on hot-wire flow surveys. 

6THB0LS 

a minor axis of tuhe cross section, feet 

h height of duct, feet 

C]} total drag coefficient 

. , , , _ cr OS 8— 8 ect 1 onal are.- 

D. hydraulic diameter of passagB, feet ( » « couuxwua* » o 

h ' x- e. 1 I wetted perimeter 

hydraulic diameter of tuhe, feet 
f friction factor J 
I current to Wheatstone bridge, amperes 

Ig current to Wheatstone bridge when no air flows over hot 
wire, amperes 

L length of passage, feet 

Ap pressure drop, inches of alcohol 

/I bN 

dynamic pressure In bank, inches of alcohol f J 
s lateral spacing, feet 

T velocity of air In duct, feet per second 

1^ average velocity of air at minimum section between 
tubes in bank, feet per second 

p mass density of air, slugs per cubic foot 

\i absolute viscosity of air, slugs per second per foot 

The hydraulic diameter of the air passage Sj^ Is cal- 
culated for the passage formed by the low— velocity wake. 
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the tu'be vail at the alaor -axis (traverBs III In flge. 8 
and 9), and the top and. "bottom of the duet; that Is, 

* 2(S/3 + h) 

AFPiLBATUS AVD METHODS 



Measurements vere nade In the duet shown In figure 1. 
The hanks vere made up of wooden tuhes 8 Inches long, vlth 
qross sections as shovn In figure 3. The tuhes vere alvajB 
arranged In the hank vlth suoceedlng rovs staggered and 
vere overlapped enough to make the separation hetveen ad- 
jacent tubes in sueceedtn^ rovs Just half the lateral spac- 
ing hetveen tuhes in th* same row. This arrangement is 
used because it allows a minimum of expansion -and o-ontrao— 
tion in the air passage. Several banks are Illustrated in 
figure 3. 

One A tube and one 0 tube had surface- orifices spaesd 
at half-inch intervals around one side of the tube for de- 
termining the pressure distribution over the surface of the 
tube. 

Within the tube bank, static- and total-pressure data 
vere obtained by means of a probe conalating of a 0.030— 
inch tube closed at the lover end and vlth a 0.004— inch 
hole drilled in the side. (See fig. 4.) This tube extended 
4 inches Into the duct from the top and could be moved lat- 
erally along a slit in the top of the. duct and rotated to 
place the drilled hole In any desired position. Total pres- 
sure vas measured at the position of maximum pressure; the 
probe vas rotated 80° from this position to obtain the, 
static pressure. Surveys vlth the.prObe vere made at four 
positions, as shovn in figures 5, 6, and 7. 

Velocity and pressure surveys were made at several 
positions behind the bank of elliptical tubes A. (See fig. 
8.) Similar surveys- for round tubas, taken from reference - 
1, are shown in figure 9. As is to be expected, the in- 
creased turbulence behind the bank caused the dynamic- 
pressure measurempnts to be larger behind the bank than in 
front of the bank. . . 

Hot— vire data for flow near the tube surface vas ob- 
tained by mounting a 1— inch length of 0.003— inch platinum 
vire 0.014 inch from the tube surface at various points 
about the tube. This vire vas used as one arm of a 



Vheatetone ."br Idge of which the other three arms vere fixed, 
constantan reelBtanceB, and enough current was supplied to 
the "bridge to maintain- the platinum vlre at constant tem-> 
perature. Bridge current required to keep the bridge bal- 
anced Is a measure of the air velocity in the Tlclnlty of 
the vlre and Is a direct measure of the heat— transfer coef- 
ficients . 



BSSULTS AND DISCUS SI OH 



Pressure data.- . The data shoving total and dynamic 
pressures vlthln the "bank, for round as veil as streamline 
tubpa A and B| are shovn In figures 5 to 7. The lov total- 
pressure vake behind tube A Is not so broad as for the 
round tubes, and the stagnation area In front of the fol- 
lowing tu^e Is narrover and blankets less tuhe surface than 
vlth round tubes. 

Total, static, and dynamic preeeures at distances of 
8 Inches and 23 Inches behind the tube "bank vere taken vlth 
a pltot— static tube. Data (fig. 8} Indicated that static ' 
preeeure vae uniform across the duct. The large rarlatlons 
in dynamic pressure Immediately hehlnd the hank, due to 
geometric arrangement of the tubes, gradually disappeared 
farther from the bank, as vas to be expected. Comparison 
vlth data for round tubes (fig. 9) shove that, for a given 
pressure drop over the bank, a much greater air flov la 
obtained vlth the elliptical tubes. 

A comparison of the distributions of dynamic pressure 
for tubes A and B having the same minor axis, spacing, and 
position In the hank shovs little difference; hovever , fig- 
ures 10 and 11 Indicate that, at s/a ^ 1 and Reynolds 
number of 100,000, the pressure drop per rov for tube B Is 
only three-fourths of the pressure drop per rov for tube A. 

At Heynolds numbers below 60,000, the hank of tubes B 
was more sensitive to change In Reynolds number than at 
higher Reynolds numbers because laminar flov vas maintained 
deeper into the bank than for round or elliptical tubes. 
Figure 12 corroborates this conclusion' the curve for the 
first 1^ rows having a typical laminar— i low slope and the 
curve for the last 1^ rows being typical for turbulent flov. 
The over— all pressure drop is determined experimentally from 
duct pressures ahead of and behind the bank. 

The nonuniform static-pressure distribution over the 
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surface of tu'be A is In sharp contrast to the essnutlally 
uniform stat Ic— pressure dlstr lljut ion on tu'be 0. (See 
figs. .13 and 14.) 

. Spacing and friction. — The total— drag coefficient for 
a single A tube is shown in figure 15. At large -spaclngs 
■the form drag of an elliptical tube in a bank approaches 
that of an elliptical tube in a free stream; at small 
spaclngs, friction etiters as the important factor. Be- 
cause, as far as friction is concerned, using enfairer 
.spaeings Is equivalent to decreasing the hydraulic diam- 
eter of the passageway, the frijtion factor increases as 
the spacing. decreases for the same air velocity in the bank. 
The net effect is to make the frictlonal drag a greater 
percentage of the total drag as the spacing decreases. 

In figures 16 to 30 the friction factor for flow 
through the banks of streamline tubns as a function of 
fieynolde number is shown at four different spaclngs of the 
tubes, and the friction factor for flow in smooth pipes as 
a function of Aeynolds number betwepn 5000 and 200,000 
(reference Z) is shown as a dashed line. Within the ex- 
perimental error, the rate of variation of the friction 
factor with respect tp changing Heynolds number 1b the 
same for all spaclngs used and for all streamline tubes. 

For closp spaclngs of thn tubes A, the experimental 
points fall quite precisely on the theoretical line for 
flow through smooth tubes. This agreement is not surpris- 
ing because the fluid is considered as flowing in a passage 
of uniform width^ the sides of which are either smooth 
tube vail or stagnation space. 

Behind tub^s B , C, and S the low— velocity wake is much 
narrower than. behind round or ■ elliptical tubes and tterefore 
attains higher velocities before reaching the next tube 
downstream. 

The concept of flow bounded by a tube wall as one 
boundary and' a low— velocity wake, as the other boundary, 
which works well in' the case of round oi^' ellipt leal titbes, 
is not strictly' representative of conditions in a bank with 
small wake (tubes B, C, and D). This concept is applied to 
all tubes tested, however, for the sake of uniformity and 
ease of comparison even though it sometimes leads to re- 
sults which Indicate, o;i superficial examinetion, that the 
friction factor of flow through banks of tubes B, 0, and 0 
is lower than for flow through smooth tubes. 
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■Hn± — wtrft ft Qo^lT^g aiirvwy-H — Hot— vlre data on air flov 
near the surface of tubes A (fig. 21) shows that breakaway 
occurs at about l/4 to l/2 Inch from the rear of the tube. 
Tubes B near the front of the bank (fig. 22) ha.vi cooling 
qualities considerably^ different from tubes A. Deep in 
the bank of tu>eB B, however, the flow follows the contours 
of the tube more closely (fig. 28) and gives a cooling ef- 
fect much like that for the elliptical tube. Values of 

— Ig^ in figure 23 are low because a heavier hot wire 
is used. 

Air flow about tubes C (fig. 24) does not reach ae 
high values as for thn thicker tubes, but there Is no 
appreciable drop— off at the ends. fubes B (fig. 25) show 
' an air— flow distribution similar to that of tubes B but 
with the high velocity- maintained over nearly the f-ull 
width- of the tube. 



CONCLUDING S2MAS£S 



The experimental methods of reference 1, used with 
various streamline tub'^s, show that, when the tubes are 
of such shapp and are arranged in such manner as to allow 
the fluid to flow across the bank in well— defined streams, 
there is little pressure drop due to breakaway from the 
tube surface and the formation of vortices. When stream- 
line tubes are used instead of round tubes, the flow follows 
the tube wall closelyj' ajB a r esult , a larger percentage of 
the total wall surface is in contact with moving fluid and 
therefore is effective in cooling. 

The concept of air flowing through a uniform passage 
between the tube wall and a sheet of low— velo-city air has 
been further Justified for tubes with high form drag. 

A streamline tube of the type herein called tube C 
appears to be best suited for use in banks, on the basis 
of heat transfer and the conrlstently low friction factor 
for all spaclngs used. Manufacturing methods have not 
been considered in choosing tube C for use in banks. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, 7a. 
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ligure 10.- Pressure-djop data for tank of elliptical tabes A, 
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Figure 11.- Pressure-drop data for "baiik: of tubes B. 
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Pigare 12.- Analysis of entrance effect for "bank of tubes B. s, 0.069 feet 
(0.83 in.); s/a, 0.5. 
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Fifpu'e 13.- Static-pressure diBtrltution over surface of 
elliiDtical tvil;o A in row 3. 
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I figure 15.- Total-drag coefficient of tube A as a fuaction of spacing. 
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ITigure 16.- Jriction data for ■bank of tubes A. 
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Figure 17.- Friction data for "baiik: of tubes 3. 
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Figiire 18.- Friction data for TDank of tulDes C. 
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ITigare 19.- IPriction data for liaiLk: of tubes D. 
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3'igure 20.- Summary of friction data. 
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Figiire 22.- Hot-v/ire survey of surface of tube in row 2 of "baalc of tubas B, 
s, 0.2075 feet (£.49 in.).\ pV^a, 58,000, 
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Figure 23«- Hot-wire survey of surface of tu'be in row 5 of bank of tubes B. 
s, 0.2075 feet (2.49 in.); pVta, 58,000, 
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Pigare 24,- Hot— wire survey of surface of tute in rov/ 5 of "banlc of 
tubes C. s, 0.2075 feet (2.49 in.)', pYta , 27,400. • 
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